Abstract Atomic layer deposition (ALD) technique is used in the preparation of organic/inorganic layers, which requires uniform surfaces with their thickness down to several nanometers. For film with such thickness, the growth mode defined as the arrangement of clusters on the surface during the growth is of significance. In this work, Al2O3 thin film was deposited on various interfacial species of pre-treated polyethylene terephthalate (PET, 12 µm) by plasma assisted atomic layer deposition (PA-ALD), where trimethyl aluminium was used as the Al precursor and O2 as the oxygen source. The interfacial species, -NH3, -OH, and -COOH as well as SiCHO (derived from monomer of HMDSO plasma), were grafted previously by plasma and chemical treatments. The growth mode of PA-ALD Al2O3 was then investigated in detail by combining results from in-situ diagnosis of spectroscopic ellipsometry (SE) and ex-situ characterization of as-deposited layers from the morphologies scanned by atomic force microscopy (AFM). In addition, the oxygen transmission rates (OTR) of the original and treated plastic films were measured. The possible reasons for the dependence of the OTR values on the surface species were explored.
Introduction
Atomic layer deposition (ALD) has received intense attention within the past few years for manufacturing conformal organic/inorganic layers with thicknesses down to a nanometer range [1∼3] . Actually, ALD is a special chemical vapour deposition technique, in which two complementary self-limiting reactions are take place sequentially and in an alternating fashion to slowly build up solid films through one monolayer in a cycle [4∼6] . In ALD processing, reactants are pulsed purged into the chamber one by one, and between the reactant pulse purging periods the excess reactants and reaction by-products are purged and evacuated from the chamber by the inertia gas. The experimental parameters, i.e., the substrate temperature, reactant pressure and exposure time, as well as length of the purging periods, are adjusted in a way that all the surface reactions are saturated and the reactions are completely finished. All the other precursor molecules, except those chemisorbed or undergoing exchange reaction, are removed [7] . Thus, in the ALD process the interfacial groups for reactions on the substrate surface are clearly important.
In this work, we functionalized the plastic surface (polyethylene terephthalate PET, 12µm) with various groups, -NH 3 , -OH, and -COOH as well as Si-CHO (derived from monomer of HMDSO) by plasma and chemical treatments. In addition, the hydrophobic/hydrophilic properties, group structure, polarity and surface morphology were explored for the purpose of investigating the Al 2 O 3 growth mode. The mechanism was revealed as expected by the atomic force microscope (AFM) images and in-situ spectroscopic ellipsometry (SE) measurement as well as the oxygen transmission rate (OTR) detection.
Experiments
Al 2 O 3 thin films were deposited by the ALD technique using a lab-made plasma setup as shown in Fig. 1 . It was capacitively coupled plasma powered by a radio frequency (RF, 13.56 MHz) source, and the powered electrode also served as the substrate holder. A thermal probe was mounted under the holder to detect the process temperature. There were several coils above the electrode to generate the magnetic field which confined the charged particles in plasma. The magnetic field strength was fixed at 6.2 mT and the plasma power at 50 W during the whole deposition process.
PET plastic was cleaned ultrasonically in ethanol so- The monomer Al(CH 3 ) 3 (TMA) was stored in an external reservoir and kept at a constant temperature of 20±1 o C. One cycle of Al 2 O 3 deposition consisted of TMA pulse purging for 4 s (carried by Ar in 20 sccm), an Ar purge for 5 s (30 sccm), an exposure to the O 2 plasma for 10 s (15 sccm), and a final Ar purge for 15 s (30 sccm). The cycle was then repeated until the desired thickness was obtained. The deposition conditions are summarized in Table 1 . The film morphologies were analyzed by using an atomic force microscope (AFM, Veeco), and the average roughness was obtained with flattening corrections of 1.0×1.0 µm 2 scan. The oxygen transmission rate (OTR) of the control, pre-treated and Al 2 O 3 coated plastic films was measured by using an equipment based on the standard ASTM methods ASTM D-3985 (Illinois 8001, USA). The surface energy of PET films was also determined by water contact angle (WCA) measurement (Kruss, Germany). The film thickness was detected in-situ by spectroscopic ellipsometry (SE, Horiba, France), where the transition layers were modelled using a Cauchy parameterization for interfacial SiO 2 , and the grown layer of Al 2 O 3 film as Fig. 2 shows. SE measurements were performed at a fixed angle of 70
• in the spectral range of 90 nm to 826 nm. For simulating the thickness of the films, Cauchy dispersion with the Urbach absorption tail was adopted. In this case, the index of refraction n can be represented by the wavelength λ [8] :
where A n , B n and C n are the Cauchy fit parameters. Based on the data, the film thickness can be calculated.
3 Results and discussion
In-situ SE
In previous work, when Al 2 O 3 thin films were deposited by alternating the supply of TMA and O 2 in the chamber at ambient temperature, it was found that the external magnetic field could increase the deposition rate [9] . When the added magnetic field strength was at 6.2 mT, the deposition rate of ca. 2.0Å/cycle was attained. So in this work, the magnetic field strength of 6.2 mT was adopted during the whole deposition process.
The thickness of the films measured by SE as a function of the pulse cycles is shown in Fig. 3 . A linear relationship was achieved between the film thickness and the deposition cycles. The growth rate of 2.0Å/cycle was calculated, which suggests that the whole process was a self-limiting adsorption reaction as possessed in thermal ALD technique. Fig.3 The evolution of the film thickness determined by SE as a function of the cycles when the external magnetic field strength was set at 6.2 mT
For an investigation of the growth mode on the pretreated PET, Al 2 O 3 films ca. 10 nm were deposited on substrates. The data derived from AFM images, the average roughness (Ra) and particle size were obtained with flattening corrections of 1.0×1.0 µm 2 scan as in Fig. 4 . In Fig. 4 , one can see obviously that the functional groups on the surface significantly dominate the film morphologies. The particles on the control PET surface were dispersed and grew in an island-growth mode. The roughness average (Ra) was 0.271 nm, and the average particle size was 149.3 nm, as Fig. 4(a) shows. After O 2 plasma treatment, the water contact angle (WCA) of 26.13
• was obtained, i.e., O 2 plasma treatment caused PET to be hydrophilic. As is well known, oxygen radicals can react with the surface group of PET, and -OH, C-O, CH-O functional groups grafted onto the surface [7] . With the hydrophilic surface, the adsorbed precursor TMA should be increased during the purging, which would cause dense nucleation. Then the Ra and particle size were 2.65 nm and 126 nm, respectively, and the particle size was much smaller than that on the control PET surface, as Fig. 4(b) shows.
After being immersed in NaOH solution for chemical treatment, very smooth surfaces and small particles were observed, as in Fig. 4(c) . The particles on the NaOH treated PET were actually grown in a compact style rather than a loose one on the O 2 plasma treated sample. The possible reason is that the denser carboxyl (-COOH) groups (as Fig. 5 shows) were grafted in the chemical treatment [10] , which should be beneficial for the bonding sites of high-quality Al 2 O 3 film growth [11] . However, comparing the WCA value (48.76
• here) with that treated by O 2 plasma (26.13
• ), one can conclude that the hydrophilic or the grafted group density did not play the essential role in the nucleation and particle growth. Analysing the AFM images in Fig. 4(b) and (c), the smooth surface, etched at a rate of ∼6.7 nm/min in NaOH solution, might be responsible for the results. The smooth surface induced the Al 2 O 3 growth in a layer-by-layer mode with a small particle size (75 nm) and low roughness (Ra 1.63 nm). The Al 2 O 3 grown on the HMDSO plasma treated PET surface was comprised of stacked abundant big particles as Fig. 4(d) shows. It is assumed that Al 2 O 3 was grown directly in other sites rather than by breaking Si-OH bonds due to their hydrophobic behaviour. The WCA of 100.98
• on HMDSO plasma treated PET surface means the clusters should not be grown preferentially on Si-OH group in an island mode [12] . The number of physisorption TMA then should be limited. Fig.5 The reactive process of PET in NaOH solution. AB is the structural formula of PET, and A' and B' are the reaction product groups generated from the reaction on the surface For samples with C 3 H 3 NH 3 plasma treatment, the AFM image demonstrates a completely different morphology. Fig. 4 (e) and Table 2 exhibit that large Al 2 O 3 particles in a dispersion mode were formed on the PET surface. It is known that an amine group grafted on a surface in high hydrophilicity (WCA =7
• after C 3 H 3 NH 3 plasma treatment) should be beneficial for high-quality Al 2 O 3 film growth based on the surface polarity growth mechanism. Thus, the large Al 2 O 3 particles grown in the highly hydrophilic surface causes us to suggest that in addition to surface smoothness, subgroups such as -NH 2 might also determine the Al 2 O 3 growth mode. 
The oxygen transmission rate (OTR)
The efficiency of Al 2 O 3 coating growth on various grafted groups was evaluated by OTR value measurement at different thicknesses of the Al 2 O 3 thin films (100 cycle (C) (∼20 nm), 150 C (∼30 nm), 200 C (∼40 nm), and 300 C (∼60 nm)). The results are shown in Fig. 6 . One finds that Al 2 O 3 coatings can dramatically decrease the OTR value of PET plastic even when coatings are as thin as 20 nm. Moreover, from Fig. 6 one can conclude that the grafted surface groups dominate not only the Al 2 O 3 growth mode but also the nature of the coated PET's OTR value. For untreated PET after deposited Al 2 O 3 film, the OTR value decreased along with the thickness of the Al 2 O 3 coating. However, the OTR values are still higher than those treated ones. Based on the AFM image in Fig. 4(a) , the reason is that Al 2 O 3 is loosely packed on untreated PET. There are few preferred sites for nuclei formation on the surface if the film is not treated. It is known that the film is initially nucleated on the preferred sites and these nuclei increase in size to form grains of a 10 ∼ 20 nm diameter, depending on the deposition conditions [13] . Thus the control PET with a coated Al 2 O 3 layer having a few larger nuclei could not achieve good barrier properties.
After O 2 treatment, the PET film obtained better barrier properties than the untreated one, as Fig. 6 shows. The explanation is that more preferred sites for TMA absorption can provide a packed coating formation. The more packed coatings, the better the barrier properties. So the deposited Al 2 O 3 coating of PET with oxygen plasma treatment demonstrates low OTR values due to the denser coating growth induced from functional groups.
Moreover, after NaOH solution chemical treatment, the film can provide not only more preferred sites of nuclei formation but also a surface with less defects due to the layer-by-layer growth mode, which is revealed in Fig. 4(c) For PET with HMDSO plasma treatment, it did not demonstrate good barrier properties even though the deposited SiO x layer could block the gas permeation. The reason is that Al 2 O 3 nuclei grow preferentially on the other area in an island mode instead of breaking the Si-OH bond, which leads to a more sparse distribution of nuclei. These "defects" then dominate the oxygen permeation. Nevertheless, the barrier properties of this treated PET are also better than those of the untreated PET. Additionally, the packed nuclei in the deposited SiO x were also responsible for improving the OTR value, as shown by the morphology images in Fig. 4(d) .
For the sample with C 3 H 3 NH 3 plasma treatment, Fig. 4 (e) reveals that a few nuclei located on the surface are the largest, which induce an unpacked coating formation. Thus, its oxygen barrier properties were certainly not as good as expected. Then the few disperser nuclei on the C 3 H 3 NH 3 plasma treated sample led to a lower OTR value than that of the untreated PET.
Conclusion
In summary, the role of various polar functional groups on the interfaces for Al 2 O 3 film growth has been investigated. It is concluded that the hydrophilic groups are preferred sites for TMA absorption and tend to form dense coatings. However, the surface flatness for Al 2 O 3 growth plays a critical role in the OTR value. The main pathways dominating OTR are a. sparsely distributed larger Al 2 O 3 nuclei and b. micron-scale pinholes. These two types of defects are dependent on a. the polarity of the interfacial groups and b. intrinsic irregularities or damage on the PET surface.
